The ability to characterize distribution of neoplastic hematopoietic cells and their progenitors in their native microenvironment is emerging as an important challenge and potential therapeutic target in many disease areas, including multiple myeloma. In multiple myeloma, bone marrow (BM) angiogenesis is typically increased and microvessel density is a known indicator of poor prognosis. However, the difficulty of consistently measuring 3D vessels from 2D cut sections has previously limited the study of spatial distribution of plasma cells (PC) and their interaction with BM microenvironment. The aim of the study is to report a novel method to study myeloma cells spatial distribution within their hematopoietic niche context using readily available tissue sections and standard histology approaches. We utilized a novel whole-tissue image analysis approach to identify vessels, and then applied computational grown regions extended out from each vessel at 15, 35, 55, 75, and 100 mm to identify the spatial distribution of PC on CD34/ CD138 double-stained core biopsy slides. Percent PC to total cells (TC) was significantly higher at <15 mm distance compared with those at 16 to 35, 36 to 55, 56 to 75, and 76 to 100 mm distance (P = 0.0001). Similarly, PC/TC at <35 mm region was significantly higher compared with 36 to 55 (P = 0.0001), 56 to 75 (Pr0.0001), and 76 to 100 (P = 0.0002) mm distances. The mean PC/TC differences in the spatial gradient of 36 to 55, 56 to 75, and 76 to 100 mm distance regions were not significant. Our findings suggest possible preferential advantage to neoplastic PC in the proximity of blood vessels compared with other hematopoietic marrow cells. We demonstrate the feasibility of analyzing the spatial distribution of PC, and possibly other hematopoietic/stem cells in their microenvironment, as characterized by the distance to vessels in BM using a novel image analysis approach.
T he increased tumor vascularization was long recognized [1] [2] [3] ; however, the concept of tumors being angiogenesis dependent was introduced only in the last few decades. [4] [5] [6] Recent advances in our understanding of tumor neovascularization have emerged with several novel mechanisms of tumor neovascularization being proposed. Similar to solid tumors, the extent of bone marrow (BM) angiogenesis has been reported as a strong indicator of biological potency of malignant clone and a predictor of survival in newly diagnosed patients with multiple myeloma (MM). [7] [8] Researchers also found highly significant correlation between microvessel density (MVD) (as a parameter of angiogenesis intensity) and histologic grade of tumor, extent of BM infiltration, proliferative activity, and predicting response to treatment in MM. [7] [8] [9] Although it is not currently included in MM best practice guidelines, MVD was proposed to be performed routinely on BM biopsies. 7 Another important yet underappreciated factor of predicting response and anticancer drug resistance is the limited ability of drugs to penetrate tumor tissue and to reach all of the tumor cells in a potentially lethal concentration. To reach all viable cells in the tumor, anticancer drugs must be delivered efficiently through the tumor vasculature, cross the vessel wall, and traverse the tumor tissue. Therefore, it would be conceivable that a drug effect may decrease with increasing tumor cells distance from tumor blood vessels (Bl.V.) and consequently, cells at increasing distances from vessels are likely to be resistant to therapy. 10 Several methods have been proposed for MVD determination including traditional hot spot techniques and computer-assisted image analysis. Few reports have proposed using spatial distribution of hematopoietic cells in BM and relevance of natural microenvironment to stem cell behavior. 11, 12 However, methods that characterize distribution of neoplastic plasma cells (PC) in the native microenvironment of BM are lacking. In this study we report a novel image analysis technique that not only can evaluate MVD but also the spatial distribution of PC and investigate their relation to both Bl.V. as well as other normal hematopoietic cells in BM.
METHODS

Case Selection
A total of 31 consecutive diagnostic BM biopsies with clonal PC and adequate diagnostic materials from the files of the Department of Pathology at the University of Utah were included in the analysis. Cases with suboptimal biopsy materials were excluded.
Immunohistochemical Stains
Double staining for CD34 and CD138: CD34 (QBend10 clone; Ventana) and CD138 (B-A38 clone; AbD Serotec, Raleigh, NC). Slides are cut at 4 mm on positively charged slides, allowed to air dry, and then placed at 55 to 601C in an oven for 30 minutes. The following steps are performed on the Ventana automated immunostainer at 371C (XT/ULTRA; Ventana Medical Systems, Tucson, AZ).
Performed on the XT instrument-deparaffinization: slides are deparaffinized with EZ Prep solution.
(Ventana Medical Systems). For CD34: epitope retrieval is performed using CC1 for 30 minutes; primary antibody (predilute) for 40 minutes at 371C; blocking step (levamisole) followed by detection with the Enhanced Alkaline Phosphatase Red detection kit (Ventana Medical Systems). Slides are then removed from the XT instrument and placed on the ULTRA instrument. For CD138 (B-A38): epitope retrieval is performed using CC1 for 36 minutes at 951C; primary antibody diluted at 1:1000 for 40 minutes at 371C; the A/B blocking kit is applied (Ventana Medical Systems) followed by detection with the IView DAB detection kit (Ventana Medical Systems). Counterstained for 8 minutes with hematoxylin (Ventana Medical Systems) and dehydrated in graded ethanol's (70% Â 1, 95% Â 2, 100% Â 2) 1 minute each. Cleared in 4 changes of xylene, 10 dips each followed by coverslip.
Image Analysis Enumeration of Total PC
PC% was determined on adequate CD138-stained core biopsy by whole-slide imaging as we previously described 13 using Aperio's Membrane IHC algorithm (Aperio Technologies, Vista, CA).
Evaluation of PC Distribution
CD34 (endothelial marker)/CD138 (PC marker) dual-stained ( Fig. 1A ) slides were digitized using the Aperio ScanScope XT slide scanner (Aperio Technologies). AngioMap, an image analysis program (Flagship Biosciences, Boulder, CO), was written in C++ for the Aperio ImageScope slide viewer and applied for evaluation of PC to vessels distance criteria. The process for image analysis is described briefly. Color deconvolution 14 digitally separated the CD34 (Alkaline Phospha-tase Red) staining from the DAP and hematoxylin counterstain. Endothelial cells/vessels ( Fig. 1B) were identified using morphologic image analysis criteria. MVD was calculated as the number of vessels divided by the area. Regions were then automatically identified at 15, 35, 55, 75, and 100 mm from these vascular endothelial cells.
Each distance segment was evaluated independently from other segment (ie, the 35 mm segment is represented only by the region between 15 and 35 mm) ( Fig. 2A) . The percentage of PC to total cells (TC) (TC = PC+normal hematopoietic cells) within each of the distance segments was calculated and recorded across hematopoietic areas of each slide, excluding bone and other regions in the slide with histology artifacts or poorly scanned areas (Fig. 2B) .
The percent PC/TC was computed using AngioMap modified cell membrane algorithm ( Fig. 3 ).
Data Analysis
GraphPad Prism software was used for statistical analysis. The statistical analysis was done using paired Student t test. Significance of the tests was set at P < 0.05.
RESULT
Study Population
Samples from 31 patients (22 males and 9 females) represented study population. Patients ranged in age from 40 to 78 years old (mean 60 y). All cases had a confirmed PC dyscrasia (28 MM, 1 smoldering myeloma, and 2 monoclonal gammopathy of uncertain significance).
Vessels Detection and MVD Analysis
The first step of analysis involved vessel density analysis performed on whole-stained section for the CD34 (Alkaline Phosphatase Red) with output parameters of MVD and vessel areas. MVD varied between cases and range from 0.3 to 108.59 vessels/mm 2 (mean, 22.79) and correlated with vessel area that ranges from 0.14 to 7.74 mm 2 (mean, 1.72).
Spatial Distribution of PC
After identification of Bl.V., AngioMap-generated computational grown distinct regions extended out from each vessel at 15, 35, 55, 75, and 100 mm. Membrane IHC image analysis algorithm was applied to each region for counting CD138-positive PC and CD138-negative hematopoietic cells.
Results of AngioMap analysis of PC percent (PC/ TC) at regions of <15, 16 to 35, 36 to 55, 56 to 75, and 76 to 100 mm distance from vessels ranged from 4.72% to 99.78%, m = 54.90%; 1.6% to 98.98%, m = 45.62%; 2.29% to 98.65%, m = 43.21%; 1.95% to 98.88%, m = 41.6%; and 2.18% to 98.02%, 41.32%, respectively. In 5 cases, the PC/TC was consistently high (Z90%) throughout all analysis regions.
PC percent (PC/TC) ranged from 1.48% to 98.87% (m = 43.27%). On average 28% of PC (range, 9% to 60%) resided within 100 mm of Bl.V. and 38% (average) of these (range, 20% to 58%) were within 35 mm of Bl.V.
Percent PC/TC was significantly higher at <15 mm compared with those at 16 to 35 (P = 0.0001), 36 to 55 (Pr0.0001), 56 to 75 (Pr0.0001), and 76 to 100 (Pr0.0001) mm distance in all cases. PC/TC at <35 mm region was significantly higher compared with 36 to 55 (P = 0.0001), 56 to 75 (Pr0.0001), and 76 to 100 (P = 0.0002) mm distances. PC/TC was higher at 16 to 35 mm region compared with 36 to 55 (P = 0.04), 56 to 75 (Pr0.006), and 76 to 100 (P = 0.014) mm distance. The largest drop of PC/TC was noted at 16 to 35 mm distance segment from Bl.V. (Fig. 4 ).
There was a mean of difference of 11.69% and 6.29% of PC/TC over at distances of <15 mm, and <35 mm when compared with those of >35 mm from the vascular structure, respectively (Pr0.0001). We further note that the mean PC/TC differences in the spatial gradient of 36 to 55, 56 to 75, and 76 to 100 mm distance regions were not significant at 1.6% (P = 0.0837) and 0.27% (P = 0.797), respectively.
DISCUSSION
The predictive value of MVD and angiogenesis in MM as well other tumors is well established. 7, 15 However, few studies investigated the spatial patterning of tumor cells around Bl.V.; a major component of the tumor microenvironment. 16, 17 The spatial distribution of PC and density gradient around Bl.V. is an unexplored area of investigation with the potential of further expanding our knowledge of tumor behavior and biology. In this study we report a novel developed method that allows analyzing neoplastic PC in their BM vascular niche context using readily available tissue sections and standard histology approaches.
Our results revealed a statistically significant increase of PC/TC ratio in the proximity of Bl.V. at >15 and 16 to 35 mm regions compared with further distances. There was also a mean of difference of 11.69% and 6.29% of PC/TC over at distances of <15 mm, and <35 mm when compared with those of >35 mm from the vascular structure, respectively (Pr0.0001). We further note that the mean PC/TC differences between the spatial gradient of regions of 36 to 55, 56 to 75, and 76 to 100 mm distance were not significant. These findings suggest a survival advantage to neoplastic PC in the proximity of Bl.V. compared with other hematopoietic marrow cells.
The drop in the PC concentration in the 16 to 35 mm segments is intriguing. Although the definitive mechanism of the neoplastic PC preferential localization within 35 mm region in not fully understood, it seems intuitive that this reflects a function of mediated angiogenesis and its relation to tumorigenesis. One may speculate that the special distribution of PC in MM is the outcome of neoangiogenesis sprout formation with causing or resultant tumor cells patterning around Bl.V. The process of tumor cell patterning is likely multifactorial and represents the result of a complex and temporal orchestration of multiple mechanisms involving angiogenic cytokine expression, receptor signaling states, and cell types as well as, extracellular matrix proteolysis, among other possibilities. 16 Plausible example is vascular endothelial growth factor (VEGF), an important mediator of vascular patterning. 17 Previous studies suggested that VEGF diffusion and gradient in tissue along with metalloproteinases play a critical role in the pathologic condition through matrixsequestered VEGF and modulating angiogenesis. Vempati and colleagues used a 3D molecular-detailed reaction-diffusion model of VEGF ligand-receptor kinetics and transport to test models of VEGF transport and degradation in the extracellular environment surrounding and endothelial sprout. In their study, they highlighted possible mechanisms by which information in the VGEF distribution and degradation can be used to guide vascular patterning and explain vascular branching complexity and the regulation of angiogenesis and tumor growth by proteases. Sophisticated cell-based modeling and simulation studies are required to interrogate potential factors involved in tumor cells and vascular pattering.
Another important reason for characterization of spatial distribution of tumor cells around Bl.V. is its potential relevance to the ability of the anticancer drug to cross vessels, penetrate tumor tissue, and reach all tumor cells in a lethal concentration. The tumor microenvironment is relevant not only for the gradient in drug concentration but also to gradients in rate of cell proliferation and by regions of hypoxia. Interestingly, previous studies reported gradient of oxygen concentration and drop of pH in relation to the distance from nearest Bl.V. in solid tumor with the highest drop at 20 to 40 mm and hypoxia at 70 mm. 10, 16 In conclusion, we report herein a novel method for characterization of PC spatial distribution around Bl.V. in BM. Although the methodology of this study focuses on MVD and characterization of spatial distribution of PC within a given distance of blood supply, it can be applied also to the bone surface. In addition, this methodology approach can be generalized to any type of tumor cells, stem cells, or other cells of interest and the principle can be easily applied to other neoplastic hematopoietic or stem cells. The findings of significantly increased PC concentration in the proximity of Bl.V. at >35 mm regions compared with further distances in this study, strongly support the commonly accepted ideas of vascular niche dependence of PC dyscrasias and the prognostic predictive role of MVD.
